ABSTRACT
INTRODUCTION
Due to the prominent advantages of increased fuel economy with reduced emissions, Hybrid Electric Vehicles (HEVs) outperform conventional vehicles powered by Internal Combustion (IC) engines. As stated in the previous work [1] , comparatively slow response of IC engines requires the batteryElectric Motors (EMs) subsystem to provide additional torque to the vehicle drive-train during transient operations, which, however, highly depends on the performance of the battery. The battery performance could decrease significantly over time and especially at low temperature [2] , due to an increase in the internal resistance of the battery and inherent decrease in battery capacity [3] - [4] . Therefore, the desired drive-train torque, provided by the EM(s) under cold start operation at extremely low battery temperature, is more likely to over-discharge the battery than at normal temperature. In this case, the battery output power is greater than what is allowed for extended life operations. Over-discharging the battery is also inevitable especially during transient operations. However, frequent or persistent over-discharging the battery could lead to the extremely low battery capacity, consequently, leading to permanent damage and reduced battery life. If the duration of battery over-discharging was reduced, the battery life could be extended. Therefore, this is an interesting research subject worthy of studying.
Many control schemes have been developed to prevent batteries from over-discharging that are summarized in reference [5] . Low battery voltage sensing is a widely used method. It uses the battery voltage threshold to prevent further power draw by reducing the EM power output. However, sudden reduction of powertrain power output could not only reduce the driving performance but also put the vehicle in danger of collision. Low battery voltage sensing with power cutback is a similar scheme as the aforementioned one, which cutbacks the power by certain percentage when the battery reaches the given power threshold. Although this approach overcomes the sudden power cutback, it could be difficult to determine the percentage of cutback. Also, State of Charge (SOC) estimation with power cutback scheme was proposed to limit battery power discharging. However this method is also facing the difficulty of selecting an SOC level to cutback power. Reference [6] presents a road testing result on the ambient temperatures influence to the HEV battery performance, but there is no discussion on extending battery life or preventing battery from over-discharging. Reference [3] presents results regarding how the low temperature impacts the battery performance. Two approaches were proposed: increasing the battery temperature with externally heater or combining the battery with super-capacitors. An energy management strategy based upon the optimal control theory for a parallel hybrid electric vehicle was presented in [7] to minimize the battery usage thereby to extend battery life, where the reduced battery usage is based upon a small penalty on fuel consumption by limiting battery power instead of preventing battery from overdischarging.
As a summary, most of the research conducted in this area restricts scope to either limiting the power drawn from the battery or focusing on adding external device to increase battery temperature, for instance, using external heater. All existing results are not capable of preventing battery from overdischarging without degrading driving performance, especially, during the transient operations. In literature, most solutions of preventing battery from over-discharging only deal with the electrical subsystems (e.g., EM and battery). However, as part of the hybrid powertrain, the IC engine could provide additional power to the powertrain when the electrical power is limited. The main issue is that the slow response characteristics of the IC engine could prevent the IC engine from providing the additional power instantly, especially, when the engine is at rest. In this paper, a predictive algorithm [1] is used to estimate the future driving torque demand and to determine if the IC engine needs to get ready to provide desired power in future. If so, the engine will be crank-started and ready to provide power in future so that the battery would not be over-discharged.
In this paper, a series-parallel forward HEV model [8] was developed in MATLAB/Simulink environment used for developing and validating the proposed boundary management control strategy. The equivalent power follower control strategy (PFCS) [9] - [11] for a series powertrain was extended to a parallel hybrid powertrain case and used as a baseline hybrid powertrain control strategy. The baseline control strategy uses vehicle desired driving power and battery SOC as primary control parameters to turn on or off the engine-generator set to meet the vehicle driving power demand or to charge the battery to desired SOC level. When the engine is turned off, the battery-EM set acts as the main power source for the vehicle. When the engine is turned on, the engine-generator provides power to drive the vehicle and charge the battery. Under all operational conditions, the EM could be under regenerative mode if needed.
Besides the baseline control strategy, the predictive boundary management control (PBMC) strategy was proposed in this paper. The main difference between them is feedback signals used to generate the primary control signals for engine, battery, EM machines. The former is purely based upon the torque demand generated by the acceleration pedal position, while the latter utilizes both raw and predicted torque demands. For the PFCS strategy, once the driving power demand is greater than the battery power output limit, the IC engine would be turned on to provide additional power to meet the torque demand. However, it could take more than half second for the engine to start and make power available. During this period, in order to maintain the powertrain power output, the battery has to be over-discharged, which could lead to the reduced battery life. On the other hand, based on the predicted torque (power) demand, the proposed PBMC strategy could proactively turn on the engine half second before the actual torque (power) demand occurs. This could reduce battery over-discharging duration greatly, leading to improved battery life and HEV performance. The proposed strategy was validated in simulations under five typical driving cycles at various battery temperatures with satisfactory results. Noted that the fuel consumption might not be optimized because that is out of the scope of this study.
The rest of the paper is organized as follows. Firstly, a simple series-parallel hybrid vehicle model is presented that will be used for the simulation study; secondly, the proposed PBMC control strategy is discussed; thirdly, simulation and validation results are provided; and last, the conclusions are drawn.
HYBRID VEHICLE MODEL
There are two kinds of hybrid vehicle models: forward model and backward ones. The backward ADVISOR [12] model is a simulation model used mainly for studying vehicle fuel economy. For this study, a forward vehicle model was used due to the requirement of transient vehicle behavior to be studied. The dynamics model includes the vehicle and powertrain model along with a simplified driver model. A series-parallel forward HEV model was developed in the MATLAB/Simulink environment due to its operational flexibility. Its architecture is shown in Fig. 1 .
The driver model [1] includes both accelerator and brake pedal PID controllers based upon the speed error between desired and actual vehicle speed to provide appropriate throttle and brake commands. The throttle command is then conditioned by a first order filter and converted into the desired torque for the powertrain which will be used by the supervisory controller to generate torque commands for the IC engine and EMs (EMA and EMB). Through the vehicle drivetrain, the propulsion torque is converted into tractive force to push the vehicle to follow the desired speed with minimal speed tracking error.
The vehicle hybrid powertrain model consists of an IC engine, two EMs, a battery, and a planetary gearbox, see Fig. 1 , where the planetary gearbox is used to connect all the mechanical power plants, and served as a transmission to split the engine power. Note that the planetary gearbox consists of a series of gears: ring gear (R), sun gear (S), and carrier gear (C). The IC engine is connected to the carrier; the EMA is connected to the sun gear; and the EMB is connected to the ring gear [8] , [13] - [14] . This architecture makes it possible for the EMB to drive the vehicle directly and to regenerate power efficiently while braking as is shown in Fig. 1 . 
IC engine model
The IC engine is described as a first order dynamic subsystem similar to [1] , and its output power is a function of engine input energy as follows, , 0 e e ein e e e e s e s P P P P T t
where e P is the IC engine power output, a product of engine torque e T and speed e ω ; ein P is the engine input energy; e τ is the IC engine time constant; s τ is the engine crank-start delay time.
Electric Motors model
In the developed HEV model, both EMs can be operated as a generator (EMA, regenerative EMB) or a traction motor. Due to the fast dynamic response of the EM, it is modeled without dynamics as follows, ( 
where g P is the generated electrical power output; g η is the efficiency map of the generator; m P is the mechanical power input.
Planetary gear box model and power split
As mentioned early in this section, the planetary gear is connected to all the mechanical power plants, and acts as a transmission to split the engine power. For the planetary gear set configuration, the following equation holds ( )
where R ω , S ω , and C ω are the rotational speed of ring gear, sun gear, and carrier gear, respectively; R and S are the number of ring and sun gear teeth, respectively.
The rotational gear speeds and torques satisfy the following equations, ( 
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where veh υ is the vehicle linear speed; d f is the final drive ratio; w r is the radius of the wheel; R T , S T and C T are the ring gear, sun gear and carrier gear torques, respectively; t F is the traction force.
Battery model
In this model, the current integration method [9] is used to calculate the SOC which is described as 
where c η is the battery Coulomb efficiency; max Ah and used Ah are the maximum and used battery capacity, respectively. Noticed that battery internal resistance is a function of battery temperature, and SOC should be maintained within its predefined bounds to protect the battery.
The main parameters of vehicle and powertrain system are listed in Tab.1.
PROPOSED CONTROL STRATEGY
The key for developing a control strategy for the descrivbed HEV is to generate control signals for distributing power between engine-generator and battery-EM sets based upon the feedback signals. In this section, a simple parallel HEV control strategy, called the equivalent power follower control strategy (PFCS), is introduced as a baseline strategy, and then the proposed control strategy, PBMC, is discussed.
Power follower control strategy (PFCS)
The baseline control strategy is an extension of the equivalent power follower control strategy for a series hybrid powertrain [9] to a parallel one. The desired power, battery power output limit, SOC, and other variables are used as primary control parameters to turn on (or off) the engine to provide additional driving power when the electrical drive cannot meet the desired driving power requirement or to charge the battery when the battery SOC is below the target level. Note that the control strategy was not optimized for fuel economy since it is not the subject of this study. When the engine is off, the battery-EM set is the only power source for the vehicle; and when the engine is on, engine provides the main power for vehicle operation and charges the battery. The following are conditions for turning on the engine: 1) driver desired power r P is greater than what the battery can provide under given operational condition such as temperature, and 2) the SOC is below the predefined lower bound. The engine will be turned off if the SOC is greater than predefined upper bound and the desired power is less than the normal battery output power limit. The engine state remains unchanged under the rest of operational conditions. The engine control logic can be described by the equations below: 
The control logic is also illustrated in Fig.2 , where ,max e P is the maximum engine power output; the gridding portion is the hysteresis area. Note that minimal engine on and off durations are also part of the engine on-off control strategy.
The corresponding parallel HEV PFCS power distribution is stated as the following, S t P P P P S t
where b P is the battery power output; ad P is the additional power provided by EMB during transitional operation; a P is the generator power output satisfying the following equation, ( )
where T SOC is the target SOC; and ch P is the preselected battery charging power constant.
During braking, the power charged to the battery is expressed as ( ) 1 ( ) 0 a bg eg c bg eg P P S t P P S t
where bg P is the regenerative power produced by the EMB during braking. Since high charge current could damage the battery, leading to reduced battery life, regenerative power needs to be well controlled. The details will not be described here since it is not the subject of this paper.
Predictive boundary management control (PBMC)
The main advantage of the aforementioned PFCS for a parallel HEV is its simpleness and easy to implement. Whereas, as any hybrid powertrain control system, PFCS faces the same problem that battery could be over-discharged, leading to reduced battery life and hence to affect the overall HEV performance. This could happen especially during the transient operations. Since the PFCS uses desired power to determine if the IC engine needs to be turned on to ensure that enough power can be provided to the drivetrain. However, it could take more than half second for the IC engine to crank-start and provide desired power. During this period, the battery needs to be overdischarged to provide the desired power to the powertrain until the engine power is available, leading to reduced battery life. To reduce the battery over-discharging duration, a PBMC strategy is proposed. The basic concept is to use both current and predicted toque (power) demands as inputs to hybrid powertrain control system, see Fig.3b . Based upon the predicted desired torque, the IC engine could be turned on proactively before the actual desired torque exceeds the battery capacity, which would greatly reduce the over-discharging duration and hence to extend battery life.
The core of the proposed control strategy is using the adaptive recursive prediction algorithm [1] to estimate future hybrid powertrain desired torque (power) based upon the current and past desired torque information, where the prediction block is shown in Fig.3 .b. Both the acceleration pedal position and the conditioned one (desired torque) are used as inputs for the desired torque prediction. The predicted torque, together with desired torque, is used as the primary feedback signal for the supervisory controller to decide if the engine needs to be turned on or off. Based upon the predicted desired torque, the engine 
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where d P is the predicted power. As aforementioned, it could take more than half second for the engine to crank-start and provide power to the powertrain. Based upon the current and previous pedal position, the prediction algorithm is able to forecast the future desired torque half second ahead. The proposed PBMC control strategy uses the predicted desired torque to proactively turn on the engine half seconds in advance to make the engine power available, which could shorten battery over-discharging duration thereby to extend the battery useful life.
Note that a minimum engine-on time is also used to avoid engine being frequently turned on or off instead of using the minimum engine-off time, this is due to the fact that the minimum engine-off time [9] cannot guarantee the engine to be turned on immediately when the minimal-off time is active and therefore the battery over-discharging duration cannot be reduced effectively.
SIMULATION VALIDATION
To evaluate the performance of the baseline PFCS and the proposed PBMC control strategies, the developed series-parallel HEV model was simulated under five typical driving cycles. They are US06, ARB02, NYCC, IM240 and FTP, where the US06 and ARB02 driving cycles are used to test the influence of aggressive driving behaviors with rapid speed variations after vehicle start-up; the NYCC cycle is for city driving; IM240 is for high way, and FTP is for the mixed city and highway driving. The key simulation parameters are listed in Tab.2. Fig.4 shows battery power output and engine on or off status under the US06 driving cycle at the environment temperature of 0℃.
Baseline control strategy simulations
When the vehicle starts up, the IC engine is at off status; and once the battery output power reached the battery power limit due to increased driving power demand at around 90 seconds in Fig. 4 , the engine is turned on. Due to the minimal engine-on time requirement and SOC charging and discharging hysteresis rules (between 0.45 and 0.75), the engine was kept on until the engine off conditions was satisfied around 520 seconds.
From equation (9), it is clear that when the engine is off ( 0 eg S = ), the battery-EMB set provides all the driving power to the powertrain; and while the engine is on ( 1 eg S = ), the engine provides majority of the driving power to the drivetrain except during the transient operations. In Fig. 5 , there is a certain EMB torque output when the engine is on at around 90, 130, and 500 seconds, which is due to the comparatively slow response of the engine caused EMB to provide additional torque to the drivetrain under the transient operations.
When the vehicle is under deceleration, the EMB provides regenerative torque (negative EMB torque in Fig. 5 ) for braking and generates electricity to charge the battery.
It can also be observed from Fig. 5 that there is a short delay between the engine torque demand and actual engine torque output. In order to maintain the powertrain power output at the desired level, the battery has to provide power output at a level that is beyond its normal operational range, see the enlarged area in Fig. 4 , in which the battery power output is over the battery power output limit line before the engine gets started. As stated previously, a short period of over-discharging may not be avoidable and might not damage the battery, but accumulated or repeated over-discharging, especially at low battery temperatures (it can be observed in Fig. 7) , could lead to permanent battery damage and reduce battery life significantly. If the duration of the battery over-discharging could be reduced, the battery life can be extended, which leads to the development of the proposed PBMC control strategy.
Predictive boundary management control strategy simulation
Besides the input signals used for baseline control strategy (PFCS), the predicted desired torque (power) is used as an additional input for engine on-off control for the proposed PBMC. In order to validate the PBMC strategy and evaluate its performance, simulation study was conducted under the same condition as in baseline control strategy (PFCS). As shown in the enlarged area in the top graph of Fig. 6 , the battery overdischarging duration is dramatically reduced to a very small percentage, where the triangle area above the battery power limit line is reduced to a small dotted-line triangle area and the detailed (enlarged) plot can be found in Fig. 8 .
Also, it can be seen from SOC traces in the bottom plot of Fig. 6 that the proposed control strategy could effectively prevent the battery from deep discharging.
Simulation results under US06 driving cycle at different temperatures is shown in Fig. 7 . Due to the increment of the battery internal resistance at low temperature, the available battery power is decreased. Therefore, at low temperature, the battery is more likely to be over-discharged, for example, at 30 C −°, the battery output power was more frequently over its output power limit than that at 0 C°.
In order to quantify how much battery power is overdischarged, the following integration is used for calculation, ( )
where ( ) E t is the total over-discharged battery energy. Therefore, the total reduction of the over-discharged energy is defined as The over-discharged power reduction is also illustrated in Fig. 8 , where the gridded area represents over-discharged power reduction for one incidence. It can be observed that after the PBMC strategy is used, the total over-discharged power is reduced to a very small gray area. Detailed simulation data is listed in Tab.3.
Simulation results under US06 driving cycle indicates that PBMC strategy provides a fairly good performance for reducing over-discharged energy, however, US06 driving cycle cannot cover all driving conditions. Other four typical driving cycles, ARB02, NYCC, FTP, and IM240 were selected for performance evaluation and the simulation results are summarized in Tab.3.
It can be observed from Tab. 3 that the proposed PBMC performs pretty well under five typical driving cycles at low battery temperatures, and is very effective when vehicle is operated under aggressive driving cycles with high vehicle acceleration, i.e. US06 and ARB02, and the reduction of the over-discharged energy is more than 65%. Also, under city or mixed city and highway driving cycle (e.g. FTP), the total overdischarged battery energy is reduced more than 45%. Even under IM240 highway driving cycle, there still have more than 30% reduction of over-discharged energy.
CONCLUSION
Compared with the baseline hybrid powertrain control strategy, the simulation results show that the proposed predictive boundary management control (PBMC) is capable of reducing the overall battery over-discharging duration dramatically, especially when the ambient temperature is below zero Celsius degree. The average percentage of over-discharged energy is reduced by more than 65% under US06 and ARB02 cycles, by a little bit more than 45% under FTP and NYCC cycles, and by more than 30% under IM240 cycle, respectively. 
